Oxidant-induced injury to the lung is associated with extensive damage to the lung epithelium. Instillation of keratinocyte growth factor (KGF) in the lungs of animals protects animals from oxidantinduced injury but the mechanism of protection is not well understood. An inherent problem in studying KGF function in vivo has been that constitutive overexpression of KGF in the lung causes embryonic lethality with extensive pulmonary malformation. Here we report the development of a stringently regulated, tetracyclineinducible, lung-specific transgenic system that allows regulated expression of KGF in the lung without causing developmental abnormalities from leaky KGF expression. By using this system, we show that exposure of KGF-expressing mice to hyperoxia protects the lung epithelium but not the endothelium from cell death in accordance with the selective expression of KGF receptor on epithelial and not on endothelial cells. Investigations of KGFinduced cell survival pathways revealed KGF-induced activation of the multifunctional pro-survival Akt signaling axis both in vitro and in vivo. Inhibition of KGF-induced Akt activation by a dominantnegative mutant of Akt blocked the KGF-mediated protection of epithelial cells exposed to hyperoxia. KGF-induced Akt activation may play an important role in inhibiting lung alveolar cell death thereby preserving the lung architecture and function during oxidative stress.
K
eratinocyte growth factor (KGF) is a member of the fibroblast growth factor family and is produced by mesenchymal cells (1) . The pattern of expression of KGF and its receptor suggests an important role for KGF in mediating mesenchymalepithelial interactions (2) . The expression of KGF mRNA has been detected in several stromal fibroblast lines derived from embryonic, neonatal, and adult tissues (3) . The receptor for KGF (also called FGFR2-IIIb), which has intrinsic tyrosine kinase activity (4) , is expressed specifically on epithelial cells and is diffusely expressed in day-11 lung epithelium (5) . In keeping with the expression characteristics of KGF and its receptor in the lung, transgenic mice expressing a dominant-negative (DN) mutant of the KGF receptor under the control of the SP-C promoter exhibit embryonic lethality with grossly abnormal lung development with only two primordial epithelial tubes and no branching morphogenesis (6) . Constitutive overexpression of KGF in transgenic mice, on the other hand, results in lethal papillary cystadenoma, with marked enlargement of bronchial air spaces (7) .
Growth factors have been shown to stimulate different signal transduction pathways that promote cell survival. In in vitro studies, the serine-threonine kinase Akt has been shown to play an important role in prevention of cell death by growth factors (8) (9) (10) (11) . Also, phosphatidylinositol 3-kinase has been implicated in growth factor-dependent activation of Akt (8) (9) (10) (11) (12) (13) (14) (15) . In vitro, Akt has been shown to inhibit cell death triggered by various stimuli including growth factor withdrawal, cell-cycle discordance, DNA damage, and loss of cell adhesion (10, 11, (16) (17) (18) (19) . Interestingly, crosstalk between the Akt signaling axis and other pathways is also beginning to be appreciated in different studies (20) (21) (22) (23) (24) (25) .
Both in vitro and in vivo studies support a role for KGF in type II cell proliferation (26) (27) (28) . KGF has been shown to prevent lung injury induced by different forms of oxidative stress including that induced by hyperoxia, radiation, and chemotherapy (26, (29) (30) (31) (32) (33) . Because KGF mRNA expression has been shown to be induced by cytokines and growth factors such as IL-1 and transforming growth factor type ␣ (TGF-␣; ref. 34) , increased production of these molecules from activated alveolar macrophages and other inflammatory cells during hyperoxic injury could potentially stimulate local KGF production, which in turn could act on type II cells, triggering repair of alveolar damage during the repair phase. In vitro studies reported to date suggest a role for KGF in type II cell proliferation (26) , inhibition of increased oxidant-induced epithelial cell permeability (35) , stimulation of transepithelial Na ion transport (36) , and stimulation of DNA repair (37) . To our knowledge, however, no study to date, either in vitro or in vivo, has explored the possibility that KGF might induce cell survival mechanisms in cells. Here we have developed an externally regulatable lung-specific transgene expression system that overcomes the problem of leakiness of transgene expression observed in our previous system (38) . By using this improved system, we were able to express the KGF transgene without the detrimental consequences of leaky expression of the KGF transgene. We show that in the transgenic animals, KGF can inhibit lung epithelial cell death when the animals are subjected to hyperoxia. Also, KGF is able to activate the antiapoptotic Akt signaling axis both in vitro and in vivo. KGF-induced Akt activation seems to be critical for the protective functions of KGF.
Materials and Methods
Cells. Human primary small-airway epithelial (SAE) cells were obtained from Clonetics (San Diego) and grown in supplied medium.
Generation of KGF Transgenic Animals. We generated transgenic animals by microinjecting three constructs into the pronuclei of C57BL͞6xSJL F2 mouse embryos. One was a construct encoding the tetracycline (Tet) transrepressor tTR, a hybrid protein containing the class B DNA-binding domain and class E dimerization domain of TetR (39) and the Kruppel-associated box (KRAB) repressor domain of the mammalian Kox1 protein; the second was the reverse Tet transactivator rtTA (40) ; and the third was the TetO͞P-KGF (O͞P, operator͞promoter) construct. tTR is expressed under the control of the ␤-actin promoter (41, 42) . rtTA is expressed under the control of the Clara cell-specific CC10 promoter, which is active in lung epithelial cells, whereas the KGF cDNA is linked to a minimal cytomegalovirus (CMV) promoter and Tet O͞P sequences. All constructs were confirmed by sequencing. Linearized minigenes were separated from vector DNA and used for microinjection (detailed information of constructs is available from the authors). Transgenic mice were characterized by PCR amplification of DNA isolated from tail biopsies by using appropriate PCR primers (Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org). To detect RNA expression corresponding to the KGF transgene, transgenic mice and control nontransgenic littermates were supplied with doxycycline (Dox; 1 mg͞ml) in water containing 5% sucrose for 3 days. Lungs of mice were harvested, 100 mg of lung tissue was homogenized in 1 ml of TRIzol (Life Technologies, Grand Island, NY), and RNA was isolated following the manufacturer's protocol. DNA contamination, if any, was removed by DNase I (GeneHunter, Frederick, MD) treatment followed by purification with RNAqueous-4PCR (Ambion, Austin, TX). The DNAfree RNA was subjected to RT-PCR. Reverse transcription was performed with 3 g of DNA-free RNA (Superscript II, Life Technologies) according to manufacturer's protocol using the supplied random hexamers. PCR was performed by using Red Taq polymerase (Sigma). In addition to the KGF primers listed above, exon-specific primers for the HPRT-and the ␤-actin genes were used as positive controls. To confirm the absence of any PCR product generated from contaminating DNA, control RT-PCR was performed with reverse transcription without random primers followed by PCR.
Exposure of Mice to Hyperoxia. Mice were housed in cages containing food and water. The cages were transferred to a hyperoxic chamber and exposed to 100% oxygen in a Plexiglas hyperoxia-exposure chamber as described (43) . After exposure to hyperoxia, mice were killed when they appeared huddled and withdrawn from food and water.
Growth Factor Stimulation, Immunoprecipitation, and Western Blot Analysis. Cells were incubated in serum-free medium for 24 h. For inhibition of phosphatidylinositol 3-kinase, cells were pretreated for 30 min with wortmannin and then stimulated with KGF (100 ng͞ml, Roche Molecular Biochemicals). Cell extracts for protein analysis by immunoprecipitation, Western blotting, or kinase assay were prepared as described (44) .
Akt Kinase Assay. Akt kinase assay was performed by using an Akt Kinase Assay kit (Cell Signaling Technology, Beverly, MA) following the manufacturer's instructions as described (43) .
Terminal Deoxynucleotidyltransferase-Mediated dUTP End Labeling (TUNEL) Assay. Lungs were prepared for TUNEL assay (43) by perfusing the animal through the right ventricle with PBS to remove all blood as described (45) .
Transmission Electron Microscopy. Mouse lungs were perfusionfixed through the heart with 2.5% glutaraldehyde in PBS. Lungs were removed and immersed in the same fixative overnight at 4°C. Lungs were processed for electron microscopy as described in Supporting Methods, which are published as supporting information on the PNAS web site.
Results

Generation of Transgenic Mice Overexpressing KGF in an Inducible
Lung-Specific Fashion. To investigate the mechanisms underlying the protective effects of KGF, we have established an externally regulatable system that can be stringently controlled for tissuespecific transgene expression. This system is based on our previously established Dox-inducible system (38) , which has been adapted from the Tet-inducible system of Gossen et al. (40) . As we described, there is a low degree of leaky expression of the transgene in our previous system (46) . To minimize leaky transgene expression further, we have introduced a Tet repressor gene developed by Hillen and colleagues (39) in the inducible transgenic system. In our original Tet-inducible system, rtTA driven by the lung-specific CC10 promoter is constitutively expressed in lung epithelial cells (38) . When Dox is introduced through drinking water, it induces the binding of the transactivator rtTA to Tet O͞P sequences, resulting in induction of expression of the linked transgene from a second construct. In the modified system, tTR binds the target promoter in the absence of Dox. Addition of Dox results in removal of tTR from the target promoter and allows binding of the transactivator (rtTA) to the promoter, causing induction of gene transcription. Thus in this improved system, the binding of the transrepressor prevents leaky expression from the promoter.
Fig . 1A is a schematic of the DNA constructs used to generate the transgenic mice. We obtained seven founders harboring all of the three transgenes: the KGF gene, the TetR (tTR) gene, and the rtTA gene as determined by PCR of tail-tip DNA (Fig. 1B) . The different primer pairs used in the PCRs are shown in Table  1 . Of the seven founders, five were female and two were male. We used the two male founders to establish two transgenic lines expressing KGF. Animals harboring all three transgenes were analyzed for transgene expression at the RNA and protein levels. As shown in Fig. 2A , we did not detect any leaky transgene expression in the absence of Dox in either line after 30 cycles of RT-PCR. KGF protein expression was also detected only after Dox induction in transgenic mice and was in the range of 5-10 ng per mouse lung (Fig. 2B) . The level of expression was higher than observed levels of cytokine transgene expression using the CC10 promoter (Ϸ0.5 ng͞ml of BAL fluid; ref. 38) .
KGF Expression Inhibits Epithelial Cell Death in Vivo.
We investigated whether expression of KGF inhibits cell death induced by hyperoxia. In these experiments, lung sections from mice were subjected to TUNEL assay for nuclear DNA fragmentation, an indicator of cell death. As shown in Fig. 3A , in the absence of Dox, when KGF is not expressed, transgenic mice subjected to hyperoxia displayed extensive TUNEL ϩ nuclei in the airway epithelium as well as in alveolar epithelial cells at 72 h after O 2 exposure. In contrast, in the presence of Dox, when KGF was overexpressed, cell death in the airway epithelium as well as in the alveolar epithelium was appreciably inhibited (Fig. 3B) . Fig. 3B also reflects normal lung architecture in the KGF transgenic mice, demonstrating the absence of any leaky expression of KGF during development that would have adversely affected lung formation.
To determine the effect of KGF expression on specific cell types in the lung in mice exposed to hyperoxia, we carried out ultrastructural studies. The KGF transgenic mice were either left without Dox (KGF Ϫ ) or were treated with Dox (KGF ϩ ) and exposed to room air or 100% O 2 for 72 h. KGF expression was induced at 24 h before initiation of hyperoxic exposure. As shown in Fig. 4 , a typical architecture and cellular morphology of lung cells lining the alveolar space and capillaries was observed in KGF transgene positive animals without Dox (KGF Ϫ ) and exposed to room air for 72 h.
Similar observations were made with KGF transgene negative animals (data not shown). Hyperoxic exposure in the absence of induction of KGF expression (Fig. 4 Middle, KGF Mice were killed and a part of the lung was used for RNA isolation and another part for protein isolation. (A) DNA-free RNA was used for RT-PCR with appropriate primers. In the absence of the external inducer (Dox Ϫ ), animals from neither line expressed RNA corresponding to the KGF Tg but expressed transgenic RNA after induction (Dox ϩ ). (B) To detect KGF protein expression derived from the Tg, lungs were homogenized in Triton X-100 containing buffer, and the pelleted fraction was solubilized in hot Laemmli buffer and subjected to Western blot analysis. We were unable to detect KGF protein in the Triton X-100-soluble extract, which is in keeping with the propensity of KGF and other members of the fibroblast growth factor family to attach to matrix components. In the Laemmli buffer extract, KGF protein from the Tg could be identified within 48 h of Tg induction. Arrow indicates the KGF protein derived from the Tg that migrates similarly with the standard (recombinant KGF). The faint band in the lane containing extract prepared from the lungs of uninduced animals and non-Tg animals probably corresponds to low levels of endogenous KGF. The level of KGF expression per mouse was estimated to be between 5 and 10 ng. Tg expression in the two lines was confirmed at both RNA and protein levels in two independent experiments using five animals per line per group (ϮDox). Shown are data representative of five animals in each group. We have not performed long-term experiments to determine effects of very low, undetectable leaky expression of Tg, if any. incomplete alveolar lining (arrowheads) resulting from the death of the epithelium under hyperoxic conditions. Capillaries also showed aberrant morphology with endothelium peeling away from the basement membranes (Fig. 4, arrows) . Other signs of injury including hemorrhage ‫)ء(‬ and infiltration of neutrophils were also detected in different sections. Hyperoxic conditions in the presence of KGF (Fig. 4 Bottom, KGF ϩ O 2 ) preserved the ultrastructure of the cells lining the alveolar space, as a complete cell lining was apparent in all sections analyzed. However, the endothelium and accessory cells lining the capillaries showed features of apoptosis (Fig. 4 Bottom, arrowheads; nuclear condensation is evident), indicating that the amount of KGF expressed in these mice may not be enough to protect the microvasculature during hyperoxia. Several sections were analyzed from the mice and similar effects were seen in different parts of the lung (see Fig. 8 , which is published as supporting information on the PNAS web site).
We investigated the effect of KGF on survival of the animals after hyperoxic exposure. Animals were killed when they appeared huddled and withdrawn from food and extremely sick, showing evidence of respiratory distress. We did not detect any appreciable difference in survival time regardless of the presence of KGF (see Figs. 9 and 10, which are published as supporting information on the PNAS web site). The inability of KGF to cause a significant increase in survival of the mice in response to hyperoxia can be explained by the fact that the level at which KGF was expressed in the lungs of the transgenic mice (5-10 ng) protected the lung epithelium but not the endothelium. The epithelial-specific protection by KGF was not surprising, because the KGF receptor is expressed on epithelial and not on endothelial cells.
KGF-Induced Activation of Akt in Vivo.
Because multiple studies have shown that KGF protects mice from oxidative lung injury (26, (29) (30) (31) (32) (33) and little is known about the mechanisms underlying the protective effects of KGF in vitro or in vivo, we have investigated whether KGF can induce an antiapoptotic axis through the activation of Akt in vivo in the lungs of mice. As shown in Fig. 5 , KGF expression after 48 h of Dox treatment resulted in a dramatic increase in Akt activation as evaluated by Akt kinase assay. In these experiments, after Dox induction, lungs were homogenized in a buffer and used for immunoprecipitation of Akt with anti-Akt Ab and the immunoprecipitated Akt was incubated with the substrate glycogen synthase kinase-3 (GSK-3). The phosphorylation of GSK-3 was evident by immunoblotting with anti-phospho-GSK-3␣͞␤(Ser-21͞9) Ab (Fig. 5) . Uniform Akt immunoprecipitation in both samples was confirmed by releasing the Akt bound to the agarose beads and analysis by immunoblotting by using anti-Akt Ab (Fig. 5B) . We have shown that expression of constitutively active Akt in the lungs prevents lung cell death from hyperoxic injury (43) . Thus, one possible explanation for growth factor-mediated protection of the lung from hyperoxic injury is activation of the Akt signaling axis to protect from cell death.
KGF Activates Akt-Mediated Antiapoptotic Signaling. We next investigated activation of the antiapoptotic signaling axis by KGF in lung epithelial cells. In the cell culture studies, we have used both A549 cells, a cell line considered to be the closest representative of human lung alveolar type II epithelial cells (although they do not manifest all of the properties of type II cells) and primary SAE cells to determine the generality of KGF effects on lung epithelial cell types. Both cells undergo hyperoxic cell death, and we have not observed any difference between the two cell types with regard to Akt activation and cellular protection afforded by KGF. Cells were treated with KGF and cell extracts were used for the Akt kinase assay. The Akt kinase assay was performed by immunoprecipitating Akt from cell extracts and using GSK-3 as the substrate. As shown in Fig. 6A with SAE cells, KGF treatment of cells induced Akt kinase activity as revealed by phosphorylation of GSK-3. Furthermore, the KGF-induced Akt activation was inhibited by pretreatment with wortmannin. One of the major downstream substrates of Akt that promotes cell survival is the Bcl-family member Bad (47) . Bad phosphorylation has been shown to be associated with multiple pathways that promote cell survival (48) (49) (50) (51) (52) (53) . Therefore, we investigated whether Akt activation regulated Bad phosphorylation in the lung cells. Cell extracts were immunoprecipitated with anti-Bad Ab and the immunoprecipitates were subjected to Western blot analysis by using Ab against phosphorylated Bad. As shown in Fig. 6B , stimulation by KGF resulted in increased phosphorylation of Bad at Ser-136. Similar results were also obtained by using A549 cells.
Inhibition of Akt Activation by DN Mutant of Akt Blocks the Protective
Effect of KGF in Lung Epithelial Cells Subjected to Oxidative Injury. We next investigated whether KGF-induced Akt activation is required for protection from oxidative injury by using SAE cells. SAE cells were grown to subconfluence, and a fraction of the cells were infected at a multiplicity of infection of 1 with either control recombinant adenovirus expressing GFP (middle lane in Fig. 7A ) or with recombinant adenovirus expressing a DN mutant of Akt for 24 h before being exposed to hyperoxia. Next, plates containing uninfected cells were placed in normoxia (data not shown) or were exposed to hyperoxia (95% O 2 ͞5% CO 2 ) for 72 h. The control virus-and DN Akt-expressing virus-infected cells were exposed to hyperoxia and were also treated with KGF (100 ng͞ml). Adherent viable cell number was counted at 72 h after hyperoxic exposure. The culture medium was changed once in between. As shown in Fig.  7A , more adherent cells were recovered when cells exposed to hyperoxia were left in the presence of KGF. The number of viable adherent cells recovered from the KGF-treated plates exposed to hyperoxia matched that obtained from control plates maintained under normoxia (without KGF). The net change in adherent cell numbers between cells exposed to normoxia vs. hyperoxia at this time point, averaging 50% in two independent experiments, corresponded with data obtained in previous studies showing a 25-30% decrease in cell recovery after 4 days of hyperoxic exposure of SAE cells (54) . The increased cell number in the presence of KGF was, however, not evident when the KGF-treated cells expressed DN Akt. This result shows that Akt activation is critical to cellular protection conferred by KGF. To substantiate these results further, we investigated the state of the protein PARP, a substrate of caspase-3, in the cells with or without KGF. As shown in Fig. 7B , in the absence of KGF, 70-80% of the PARP was cleaved in cells exposed to hyperoxia. In the presence of KGF, only 25-30% of the PARP was cleaved. However, expression of DN Akt reversed the effect of KGF. Collectively, our data show that epithelial protection from oxidative injury by KGF requires Akt activation.
Discussion
We described the establishment of an inducible lung-specific transgenic system, adapted from the Tet system of Gossen et al. (40) , which allows us to express transgenes in an externally regulatable and tissue-specific fashion (38) . The versatility of this system is evident in our ability to express cytokines (38) , chemokines (55) , and transcription factors (46) in an inducible fashion in different tissues such as the lung by using the CC10 promoter or in the thymus and peripheral T cells by using the lck promoter (46) . Although in our original system (38, 55 ) the transgene could be efficiently induced by supplying Dox to the animals, some basal expression of the transgene was detected in most transgenic lines, which entailed screening of a large number of animals to obtain lines that displayed low levels of basal transgene expression (i.e., without Dox). Because our objective in this study was to study the effects of KGF, it was important to develop a system that was more stringently regulated, because inappropriate expression of KGF during development was shown to cause embryonic lethality with extensive lung malformation (7) . The modified dual repressor-activator Tet system described in this study shows tight control of transgene expression as evidenced by the lack of any RNA expression corresponding to the transgene even after 30 cycles of RT-PCR. We show that transgene expression is efficiently induced in the presence of Dox and that the induction of KGF expression inhibits oxidant-induced lung cell death. Furthermore, KGF induces the activation of the prosurvival Akt signaling axis both in vivo and in vitro.
Administration of KGF has been shown to protect the lung from a variety of insults including oxygen (26, 29, 33) , radiation and chemotherapy (bleomycin; refs. 31, 56, and 57), and acid (30) . In bleomycin-induced lung injury, KGF was shown to decrease lung edema (57). Matthay and Wiener-Kronish (58) showed that intact epithelial barrier function is critical for resolution of alveolar edema in humans. It has been shown that pretreatment with KGF prevents H 2 O 2 -induced increases in airway epithelial cell permeability (35) . Because oxidantinduced cell death would compromise epithelial barrier function, inhibition of cell death by KGF, as evident in this study, may play an important role in maintaining epithelial barrier function during the initial phase of oxidative lung injury.
Although KGF can induce type II cell proliferation (26) (27) (28) , this proliferative effect of KGF was abolished in oxygenbreathing animals but KGF was still able to inhibit alveolar damage (33) . This finding demonstrates that the protective effect of KGF within the lung cannot simply be explained by the ability of KGF to stimulate type II cell proliferation. Along the same lines, it was shown recently that deficiency of FGFR2-IIIb, the receptor for KGF (FGF7) and FGF10, leads to embryonic lethality associated with lack of limb bud growth, which is mainly due to extensive epithelial cell apoptosis with an apparent small reduction in cell proliferation (59) . Also, although in vitro studies have shown increased surfactant protein synthesis in the presence of KGF, only modest effects were noted in in vivo studies (33) . Collectively, although multiple studies clearly demonstrate a protective role of KGF in hyperoxic alveolar damage, it seems that the protective function of KGF can be attributed to different mechanisms primary or secondary to KGF action. Our studies invoke the participation of the multifunctional phosphatidylinositol 3-kinase-activated Akt signaling axis that may be upstream of many of these effects of KGF. KGF-induced Akt activation may be the common underlying mechanism of cytoprotection conferred by KGF on epithelial cells in different tissues, including the skin, where it also plays an important role in the reepithelialization of wounds (60) and in the thymus (61) .
Although previous studies have shown that large doses of KGF protect both the alveolar epithelium and endothelium from oxygen-induced injury (33), we found preservation of the alveolar epithelium but not the endothelium lining the blood vessels in the lung at the level of KGF expression that was attained in the transgenic animals (5-10 ng per mouse, which is equivalent to 0.2-0.4 g͞kg). This finding is in accordance with expression of the KGF receptor on epithelial but not on endothelial cells. The endothelial protection by KGF that was observed in the previous study at significantly higher doses of KGF (1-5 mg͞kg) was likely due to secondary effects of KGF such as stimulation of secretion of vascular endothelial growth factor (VEGF), which is cytoprotective for endothelial cells. Interestingly, the cytoprotective effect of VEGF was also reported to involve Akt activation (23, 62) .
We have shown recently that expression of a constitutively active derivative of Akt in the mouse lung by adenovirus gene transfer methods inhibits lung cell death and protects lungs from oxidantinduced injury (43) . It is possible that in addition to direct effects on cellular apoptosis, alternative mechanisms that promote survival through influencing cellular metabolism also contribute to the protective function of Akt. Interestingly, it has been shown that activated Akt protects against oxidative stress-induced impairment of glucose transport by insulin (63) . This function of activated Akt could be an important player in the protective function of KGF in oxidative stress. Thus, both in in vitro and in in vivo studies using an improved inducible transgenic system, we have identified a downstream target of KGF action, Akt, which may play an important role in the protective function of KGF in oxidative injury.
